Research in fuel cells has increased considerably in the past 10 years largely due to the desire to develop dependable, low emission, and inexpensive alternatives to internal combustion engines. Already deployed in industrial applications as backup power, the widespread utilization of polymer electrolyte membrane fuel cells (PEMFCs) in automobiles has long been a promising prospect. In order to make fuel cells a viable option for such an application, issues of water management must be addressed. Of particular importance in automobile applications is the problem of water within the cathode gas diffusion layer (GDL) and cathode channels freezing in cold temperatures while the car is off. Freezing not only damages the membrane electrode assembly (MEA), it also hinders normal startup and operation of the fuel cell.
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By using neutron radiography the dynamics of water production and movement within a fuel cell can be imaged during normal operation. In this research we take this approach one step further by taking advantage of the water phase density changes to image the freezing dynamics within a fuel cell using neutron radiography. This imaging will aid in the design of MEAs and bipolar plates to be used in cold temperatures. The nuclear research reactor at the University of Texas at Austin includes a neutron radiography system that uses a scintillator screen and a CCD camera. This system has been shown to have sufficient mass resolution to image the small density changes observed in water freezing within a thin GDL. A fuel cell mock-up capable of replicating water production and air usage in a fully functional PEMFC was developed and employed to observe the effects of freezing temperatures on the GDL and bipolar plate channels. Preliminary results show that neutron radiography is well suited for imaging freezing within a fuel cell. This methodology will be further employed in the study of water freezing within the GDL and cathode channels in a fully working PEMFC.
INTRODUCTION
Research in polymer electrolyte membrane fuel cells (PEMFCs) has increased recently due to their low local emissions, good range of operating temperatures, and dependability, making them very promising in portable applications, such as a cell phone or an automobile. This recent increase in research has resulted in improved water transport, current density, and materials performance in PEMFCs.
PEMFCs are open electrochemical systems capable of producing an electromotive force from the catalytic reaction between hydrogen and oxygen. In the anode plate hydrogen gas flows while on the cathode plate, oxygen gas (usually as part of the air mixture) flows. These two flows are separated by combination of a gas diffusion layer (GDL), a proton exchange membrane (PEM) and another GDL. At the anode, the hydrogen splits into a proton and an electron, with the help of a platinum catalyst on the GDL, PEM interface. The resulting proton moves through the PEM while the electron moves across the anode plate to the cathode, creating a current to be utilized. On the oxygen side, the proton and electron combine with oxygen producing water.
While water production is an essential part of the operation of a PEMFC, its excessive accumulation in the cathode channel can pose a problem of oxygen transport. Also, in freezing temperatures after shutdown of the fuel cell, the frozen water within the cathode GDL can not only prevent startup of the fuel cell, but can also seriously damage the PEM.
Neutron radiography is well suited for the study of water transport within a PEMFC. Research has been done using transparent plates to visually observe water transport in a PEMFC. 2 In contrast, neutron radiography can be utilized to observe a fully functioning fuel cell in the same conditions that would be found in a real-world application.
Neutrons interact with materials in the same manner that xrays do. That is, they are attenuated by different materials and the resulting beam can be detected and is characteristic of what is within the particular sample. However, whereas x-rays interact with an element's electron cloud leading to an exponential increase in attenuation with an increased in size of the element, neutrons interactions are based on different principles and particular elements will heavily attenuate while others won't, in a non-linear fashion. Since neutrons don't carry a charge, they don't interact with the charged particles of an atom. However, their interactions are based on the stability of the target nucleus. Nuclei have particular configurations that they prefer and they may or may not want to add another neutron because of this. This is why neutrons are more attenuated by some nuclei but in a more random manner than xray attenuation. This is shown in Figure 1 . The elements of particular interest in our research are hydrogen, carbon and aluminum. Fuel cells are made of aluminum bipolar plates with thin, carbon GDL sheets in between. Notice in the figure that both carbon and aluminum have a rather small attenuation coefficient. Compare this with hydrogen, which is of course a major component of water. Hydrogen strongly attenuates neutrons. Similar to how x-rays are heavily attenuated by bone but not flesh, so that the bones can be imaged, neutrons will go right through the aluminum and carbon components of a working fuel cell but will pick up the presence of water within. 2 3 Neutron radiography has been used for imaging water transport in a fuel cell. 4 The purpose of this research is to take this one step further, to take advantage of heavy neutron attenuation in water and the difference in phase change density to image the in-situ process of water freezing within a fuel cell. Similar neutron radiography setups in the past have given sufficient spatial resolution to make this possible. It has been previously shown that variations in density of 0.007 cm 3 /cm 3 can be detected. 5 This method will be further used to image freezing water within a functioning PEMFC
EXPERIMENTAL SETUP
The TRIGA Mark II Research Reactor is located at the Nuclear Engineering Teaching Laboratory at the University of Texas at Austin. It is capable of a steady state operation at 1 MW power which provides a nearly monoenergetic, thermal neutron flux of 2*10 6 n/cm 2 -s to the beam port in use in the facility. The sample is placed in the center of the neutron beam and attenuates neutrons at various rates depending on the material, as mentioned above. The resulting attenuated neutron beam is incident on a scintillating screen, which converts the unattenuated neutrons to photons, which can then be detected by a CCD camera. See Figure 2 for a schematic of this setup.
FIG. 2: BASIC EXPERIMENTAL NEUTRON RADIOGRAPHY SETUP 3
An ANDOR CCD camera with a macro lens is used in this setup, with the ANDOR camera software being used for data acquisition. The CCD camera is placed outside of the neutron beam to protect it from excess radiation with a front surface mirror used to reflect the image from the scintillation screen into the camera lens.
A simple mockup was fabricated to replicate the cathode GDL-bipolar plate channel section of an actual PEMFC. This is done by sandwiching a GDL between two 5 cm x 14 cm x 4 cm aluminum plates. A 10 cm long, 1 mm wide channel is machined into one of the aluminum blocks to replicate the bipolar plate-channel configuration found in PEMFC. Air is flown through this channel in similar fashion to a fully functional PEMFC. The opposite side aluminum block has four inlet through holes used to bring water into the GDL, replicating the water production process at the catalyst plate. See Figure 3 for a schematic of this setup. Given the dimensions of the cathode channel, an effective area of 2 cm 2 is used to calculate the rate of water injection (production) and air flow rate needed to mimic a fuel cell under various current densities and stoichiometric operating conditions.
FIG 3: SCHEMATIC OF FUEL CELL MOCKUP
In order to quantify the density change from water to ice, as simple method has been utilized. Two to three inches of water is put into 1/16" ID aluminum tubing using a syringe pump and imaged using the radiography system. The images are taken with the water both at room-temperature and at freezing temperatures, which are achieved using dry ice pellets.
To ensure a linear response of the CCD camera with change in neutron flux, a simple experiment was set up to take radiographic images at various beam port fluxes and comparing average pixel values at each flux. Beam port flux is proportional to reactor core flux. This is important for quantifying density changes since a non-linear camera response when observing linear density change would make the comparison of pixel value to material density difficult. It was found, as can be seen in Figure 4 , that the camera does respond linearly to a linear change in flux.
FIG. 4: PLOT REACTOR POWER VS CAMERA PIXEL VALUE (X REPRESENTS REACTOR POWER)
Separating water content in the anode and cathode GDL and the PEM using neutron radiography has proven to be difficult.
6 Spatial resolution is a limiting factor in separating each layer but continues to improve with technological and methodological advances. In this experiment, the mockup fuel cell setup allows a controlled simulation of the cathode GDL of a fully functioning fuel cell, allowing observation of only the layer of interest without other layers making quantification of water in each layer difficult. The rationale for this simplified setup is to test this technique without over-complication. After it is shown that neutron radiography is a good technique to image freezing water in a single layer of GDL, the technique will be applied to a fully functioning fuel cell, at which time this method will be adapted.
RESULTS/ DISCUSSION
Data has been obtained, continuing to optimize the radiography setup for this particular experiment. Figure 4 shows a baseline neutron radiography image of the fuel cell mock-up. The dark areas of the picture denote fewer neutrons getting through. So in this picture, the areas that are dark are the silicon seal around the channel area, the plastic water inlet ports, and the steel screws, all of which contain highly attenuating elements, such as the hydrogen in the silicon and plastic fittings. Plastic water ports will not be used in the final setup since they have a large attenuation coefficient and therefore obstruct the proper imaging of the water within their projected region. A wide-angle lens was used to capture these pictures. Figure 5 shows a radiograph with a macro lens of the same fuel cell setup under water injection conditions. Attenuation from the water is appreciable in the inlet tubing supplying the port. The 1 mm reactant air supply channel that was mentioned above can also be appreciated in these images. The liquid water and ice in 1/16" aluminum tubing pictures are shown in Figures 7 and 8 , respectively. The dark vertical line is the water in the tubing, placed in the aluminum sample holder and held in place with steel screws. The aluminum tubing is of such a thickness to be practically invisible in the image. However, the thickness can be seen in the lighter section between the holding screws and the water column. In Figure 8 , a slightly darker region due to the dry ice can be seen around the bottom of the sample. CO 2 doesn't significantly attenuate the beam.
It is expected that there would be less attenuation of a beam through ice, due to the decrease in water density of 9%. To quantify this density change, the images were normalized according to background pixel values with ImageJ to account from normal flux fluctuations in the reactor. It is still difficult to see or quantify any change in attenuation visually due to density change. Therefore, a rectangular region of interest was defined within the water column and pixel values were compared in the region between water and ice images.
Data from three images of liquid water were obtained as described and averaged and the same was done for two images of frozen water. The ratio of the average image of frozen water to liquid water showed a difference in image intensity at the centerline of the tube of 29%+-6%. One possible reason for the large difference caused by freezing is the formation of bubbles within the water as it freezes, which would cause a larger decrease in density than would be expected by the phase change alone.
Further setup, characterization and optimization of the neutron radiography system are being conducted. It has been proven that the facilities at the University of Texas are sufficient to take neutron radiography pictures of working fuel cells. Materials used in the sample must be, as much as possible, of low neutron attenuation, such as aluminum fittings and tubing. Given the need for the best spatial resolution possible, the camera setup must be fully optimized. It is anticipated that images of water freezing within the GDL will be able to be obtained. 
